We design and investigate a metasurface for achieving multiband coherent perfect absorption (CPA) in the mid-infrared region. The operating wavelengths and bandwidth of CPA for the metasurface can be precisely tailored through structure design. The coherent absorption of each operating wavelength can be independently modulated by adjusting the phase difference between two coherent waves. Meanwhile, the coherent absorption performance is insensitive to polarized and oblique incident angles. The scalability of our proposed metasurface design can also be extended to other technical wavelength ranges, such as the optical and terahertz regions, and may find a variety of application areas.
Introduction
Metasurfaces are artificially engineered planar metamaterials, which have exotic optical properties that are unattainable in natural materials [1] . Metasurfaces are able to mold the flow of light by dramatically changing its amplitude, phase and polarization in deep subwavelength scale, thus, paving the way for vast applications including light manipulation [2] - [4] , light absorption [5] , nonlinear optics [6] , and hyper-spectral imaging [7] . In particular, light absorption plays a key role in a variety of applications such as solar energy to electricity converting, bio-sensing, and thermal emitting. In fact, metamaterial absorbers with the advantages of perfect light absorption, easy-tunable resonance and subwavelength scale have been intensively investigated and designed covering all technical wavelength range [8] - [11] . However, the operating wavelength and absorption intensity of metamaterial absorbers are determined by their structure. Both of them are hard to actively control, which greatly hampers their further applications such as optical switching and modulation. Recently, the emerging of coherent perfect absorption (CPA) provides a new method to realize tunability of light absorption. The CPA refers to complete light absorption in a lossy material due to the interference of two counter-propagating coherent waves. This is also interpreted as a time-reverse process of a laser [12] . Actually the CPA has been experimentally and theoretically demonstrated in many nano-structure systems such as grating, metamaterial and metasurface [13] - [17] and it is regarded as a versatile platform to realize coherently controlled light absorption/transparency [18] , optical activity [19] , and selected mode excitation [20] . Nevertheless, just like a laser, CPA is typically featured with single operating wavelength and is hard to extend to broad-or multi-band operation.
So far, burgeoning efforts have been devoted to achieve multiband or broadband CPA, for example, multilayered split rings [20] or resistive sheet with specific impedance [21] for microwave region, doped silicon film for terahertz [22] , or multilayer doped ITO [23] for infrared region. However, realizable schemes are still limited, especially for infrared and optical region. Furthermore, although the CPA using resistive sheet has very broad operating wave band, when it is used for CPAs in required bands it cannot keeping other bands transparent to light. In addition, fewer previous studies have focused on planer structures. In this work, we demonstrate that a metasurface is able to support multiband CPA, showing many advantages compared with previous works. The optical response, intrinsic loss, and operating wave bands of the metasurface could be easily tuned by changing the structure parameters of each meta-atom, and therefore, it is possible to meet the requirement and condition of CPAs at any specified wavelength and to precisely control the operating bandwidth. The property cannot be found in none resonance structure such as that using resistive film. It also shows good polarization-independent property. Furthermore, it can eliminate additional phase shift that occurs in multilayered structures and remain ultrathin in scale.
As an example, we propose a metasurface operating in the region of 10-14 μm, which is known as atmospheric transparency window and is exploited for a variety of applications such as thermal imaging. The CPA occurs at four separated wavelengths and can be dynamically controlled from 0 to nearly 100% by phase modulation independently. The absorption by the metasurface under the illumination of oblique coherent light is further investigated, which shows good angle-insensitive property. The scalability of our metasurface design enables their deployment in the wide wavelength range from optical to terahertz spectra and may be beneficial for many potential applications.
Structure Design and Method
The configuration of metasurface is shown in Fig. 1 , where a thin zinc sulfide (ZnS) slab with thickness d = 0.3 μm is coated with identical patterned silver film with thickness m = 60 nm on both sides. The period of metasurface's unit cell is = 6.5 μm. The silver film in each unit cell is etched into four square patches with widths l 1 = 2.2 μm, l 2 = 2.3 μm, l 3 = 2.4 μm, and l 4 = 2.55 μm, respectively. Therefore, the metasurface is formed by four different periodically arranged meta-atoms, in which each meta-atom is composed by up-and down-patches separated by a dielectric layer.
As demonstrated in the following, each meta-atom forms a current loop, leading to surface plasmon resonance, namely magnetic resonance. There are four magnetic resonances in the unit cell of the metasurface. The four magnetic resonances can be assumed to be independent and have no coupling effects between any of them. First, we consider the case of two normal counter-propagating coherent waves, named a + and a − , where ± refers to propagating towards z + and z − , respectively. The optical response of the metasurface can be treated as linear superposition of that of each meta-atom. When the metasurface is set at z = 0, the forward and backward complex scattering coefficients of a single meta-atom b i + and b i − can be expressed as
where S i (i = 1−4) denotes the scattering matrix of each single meta-atom. Since the two-port system satisfies spatial symmetry and reciprocity, the transmission and reflection complex scattering coefficients of each meta-atom are identical for a ± and denoted as t i , r i . Then, the forward and backward complex scattering coefficients (b ± ) of the whole metasurface can be expressed as
Due to the deep subwavelength scale feature, the optical response of the meta-atom can be regarded as being dominated by a dipolar resonance described by Lorentzian oscillators, as long as the wavelength is close to intrinsic wavelength λ 0 . The dipole resonance could be electric resonance as depicted in [24] or magnetic resonance as shown in our case, and S i can be expressed as [24] , [25] 
where λ 0i , di and si refer to the intrinsic resonant wavelength, characteristic length of dissipation loss, and characteristic length of scattering loss of the i-th meta-atom, respectively. It is worth noting that in our proposed structure, the intrinsic wavelength λ 0i can be tuned by the patch length l i , and the transmittance, reflectance and absorption intensity could be modified by changing the slab thickness d, indicating that dissipation loss di and scattering loss si can be tuned to meet the requirement and condition of specific CPAs. In mathematics, CPA occurs when the eigenvalue of S i is zero at a real wavelength [12] . For symmetric incident coherent waves, the eigenvector is ( a + a − ) = ( 1 1 ) and the eigenvalue s of each meta-atom's scattering matrix is
Because of the independence of each meta-atom, four null points can be instantly obtained at resonant wavelengths λ 0i (i = 1−4) on the condition that si = di , from which the critical condition of CPA can be obtained as |t i | = |r i | = 0. Thus, multi-wavelength CPA is achieved in our metasurface. In contrast, for anti-symmetric incident coherent waves, the eigenvector is ( a + a − ) = ( 1 −1 ) ; the eigenvalue is a constant s = 1; the absorption becomes zero, and the metasurface is transparency for both incident waves.
The commercial solver Comsol Multiphysics based on full-vector finite-element method is employed to calculate the absorption and field distribution of the metasurface. In the simulation, the optical constant of ZnS is set as n = 2.2 and can be regarded as lossless in mid-infrared region [26] . The silver is described by a Drude model
, where f p = 1.38 × 10 16 Hz, γ = 2.73 × 10 13 Hz and ε ∞ = 3.7 [27] . In the simulation, the periodic boundary is employed in the x-and y-directions and perfect matched layer (PML) in the z direction. The normalized coherent . For simplification, in the simulation the intensity of the two normal counter-propagating coherent waves is set as |a + | 2 = |a − | 2 = 0.5, and we assume that the electric field of the two coherent waves is polarized along the x axis. The forward and backward scattering coefficients are calculated by their far-fields using S parameters at z = ±20 μm.
Results and Discussion
For integrity, we first calculate a metasurface with one identical meta-atom in a unit cell shown in the inset of Fig. 2(a) and with the period of its meta-atom set as 3 μm. The thickness of the dielectric layer is tuned to d = 0.22 μm to satisfy the condition of CPA, and the patch length varies from 2 to 2.8 μm. When illuminated by two coherent waves with phase difference ϕ = 0
• , the coherent absorption spectra is shown in Fig. 2(a) . It's clearly seen that the CPA wavelength occurs at the resonant peak and is changed along with the patch length. As the patch length increases, the CPA wavelength has a redshift. Fig. 2(b) further indicates that the relationship between the CPA wavelength and the patch length is linear, which is useful for designing CPAs at particular wavelengths.
Now we turn to investigate the metasurface with four different meta-atoms in a unit cell as shown in Fig. 1 . Its absorption and scattering spectra are shown in Fig. 2(c) . The intensity of the scattered waves |b + | 2 and |b − | 2 in the region from 10 to 14 μm is exactly equal, which also means |t i | = |r i | (i = 1−4). Four distinct resonant wavelengths are found at λ 01 = 10.92 μm, λ 02 = 11.38 μm, λ 03 = 11.88 μm and λ 04 = 12.57 μm, where the transmission and reflection coefficients are equal and almost null (|t i | = |r i | = 0) and nearly perfect coherent absorption occurs accordingly as shown in solid line. The numerical result demonstrates that a metasurface for broadband or multi-band CPA can be achieved by designing different meta-atoms. Furthermore, according to (1)- (3), The absorption spectra of polarized coherent waves are also investigated. The polarized angle θ is defined as the angle between the plane of incidence and the electric field vector. In our study, the initial electric field of the coherent waves is parallel to the plane of incidence (along the x axis) and θ is zero (p-polarized). As θ varies from 0°to 90°(s-polarized), the absorption spectra almost keeps unchanged, as depicted in Fig. 2(d) . The result shows that the proposed metasurface structure is insensitive to the polarized angle θ, which is required for many practical applications. It is interesting that although the unit cell with four different meta-atoms has no rotational symmetry, the whole structure is still polarization-independent. This property is actually originated from the fourfold rotational symmetry in the neighboring nine identical unit cells [28] .
The phase modulation of coherent absorption is shown in Fig. 3(a) , where the absorption of four resonances simultaneously varies from nearly 1 to 0 if the phase difference ϕ changes from 0 to 180°, demonstrating that the metasurface is highly efficient in manipulating multiband light absorption. The white dashed contour line plotted in Fig. 2(a) indicates that the change of coherent absorption at the four different resonant wavelengths follows the same pattern. Actually, the eigenvector of scattering matrix can be depicted as (1 e i ϕ ); according to (1) and (2), there is |b + | = |b − | = sin 2 (ϕ/2) at the four resonant wavelengths, and the theoretical coherent absorption can be obtained as A ca = cos 2 (ϕ/2). For clarify, Fig. 3(b) shows the phase modulation at 12.57 μm, in which the coherent absorption A c is modulated from 1 to 0 and back to 1 if the phase difference ϕ varies form 0°to 360°, which agrees well with the theoretical expression of A ca .
To better understand the underlying physical mechanism, field distributions for the corresponding resonant wavelengths at z = 0 are calculated. When the metasurface is illuminated by two counterpropagating coherent waves, the currents in the up and down metallic patches at a specific position for a specific wavelength flow in opposite directions and form a current loop. And this generates a strong magnetic dipole moment, which couples to the magnetic field of the incident light, and the coupling leads to strong light absorption in the metallic patches. Such a resonance is also known as magnetic dipole resonance. As shown in Fig. 4 , when the coherent waves is symmetric ( ϕ = 0°), the resonance is further enhanced by the interference of two coherent waves. At the same time, the intensity of magnetic field is greatly strengthened in the dielectric layer of each meta-atom at the corresponding wavelength. Thus, the two coherent waves are totally absorbed by the metasurface. On the contrary, if the coherent waves are anti-symmetric ( ϕ = 180°), the resonance is completely restrained and the metasurface is transparency for the coherent waves. Therefore, the field distributions prove that the assumption and the aforementioned theory are valid.
Thanks to the highly confinement effect of magnetic dipole resonance, each meta-atom works independently. This feature is quite impressive because multiband or broadband CPA can be easily achieved and precisely controlled regardless of additional phase shift. Meanwhile, the thickness of metasurface keeps ultrathin in scale. We mention that, although the size of single meta-atom is less than a quarter of a period in deep subwavelength scale, the meta-atoms keep in large densities within the space in one working wavelength, and therefore, the absorption efficiency still remains considerably high. We point out that the scalability of magnetic dipole resonance ensures that the application of our proposed metasurface can be extended to other wavelength ranges such as the optical and terahertz range [8] , [29] .
Angle-insensitive absorption is interesting in many applications. For this purpose, the absorption performance of the proposed bidirectional metasurface under oblique incidence of two coherent waves is further investigated. The configuration of oblique incidence is depicted in Fig. 5(a) , two incident counter-propagating coherent waves with incidence angle α illuminate on the metasurface. The phase difference ϕ is fixed at 0°and α is varying form 0°to 60°. As shown in Fig. 5(b) , the absorption intensity of the four wave bands slightly decreases as α increases. Even at large oblique incidence angle, for example, α = 60
• , the absorption intensity at the four resonant wavelengths is still large than 80%. Fig. 5(b) suggests that the multi-wavelength metasurface can perform well in a wide range of incident angle. Meanwhile, the feature is highly flexible in designing optical devices such as switchers and modulators. One beam can act as a control light to modulate the absorption and reflection of another coherent light at oblique incidence. The angle-insensitive property of the metasurface originates from the magnetic dipole resonance in the structure because the incident angle has little influence on it in the meta-atoms [29] .
Conclusion
In conclusion, we theoretically and numerically demonstrated that a metasurface can achieve multiband CPA. The result of theoretical analysis agrees well with that of numerical simulation. Each meta-atom in the metasurface forms a magnetic dipole and its intrinsic optical resonance and dispassion loss can be easily tuned through structure design, enabling CPA at any specified wavelength. The coherent absorption at each operating wavelength can be independently modulated from 0 to nearly 1 by changing the phase difference ϕ between the two coherent waves. The coherent absorption is further investigated for oblique incident angles, revealing the angle-insensitive property of the metasurface and its potential applications. The scalability of magnetic dipole resonance enables our proposed metasurface operating from optical to terahertz range.
